Pain perception is essential for survival and can be amplified or suppressed by expectations, experiences, and context. The neural mechanisms underlying bidirectional modulation of pain remain largely unknown. Here, we demonstrate that the central nucleus of the amygdala (CeA) functions as a pain rheostat, decreasing or increasing pain-related behaviors in mice. This dual and opposing function of the CeA is encoded by opposing changes in the excitability of two distinct subpopulations of GABAergic neurons that receive excitatory inputs from the parabrachial nucleus (PB). Thus, cells expressing protein kinase C-delta (CeA-PKCδ) are sensitized by nerve injury and increase pain-related responses. In contrast, cells expressing somatostatin (CeA-Som) are inhibited by nerve injury and their activity drives antinociception. Together, these results demonstrate that the CeA can amplify or suppress pain in a cell-type-specific manner, uncovering a previously unknown mechanism underlying bidirectional control of pain in the brain.
INTRODUCTION
Over 100 million adults in the United States alone suffer from chronic pain and 25 million of these patients experience pain every day (Nahin, 2015) . These statistics highlight the fact that chronic pain is still poorly treated and represents a major healthcare problem. Understanding the neurobiological mechanisms by which pain responses can be enhanced or suppressed is essential for the development of improved therapeutic options for chronic pain. The central nucleus of the amygdala (CeA) has received increasing attention in recent years as a nociceptive center in the brain that is ideally positioned to link experience, context, and emotional states with behavioral responses to painful stimuli in both normal and pathological states (Davis, 1994; Davis and Whalen, 2001; Neugebauer et al., 2004; Veinante et al., 2013; Zald, 2003) . The CeA receives direct nociceptive inputs via the spinoponto-amygdaloid pain pathway, as well as highly processed affective and cognitive polymodal information via the basolateral nucleus of the amygdala (Bernard and Besson, 1990; Bernard et al., 1989; Jasmin et al., 1997) .
Consistent with the critical function of the CeA in pain modulation, recent studies have shown that pain-related plasticity in this brain region promotes hypersensitivity in pathological states (Bourbia et al., 2010; Gereau, 2007, 2008; Kolber et al., 2010; Min et al., 2011; Nation et al., 2018; Xie et al., 2017) . Nociceptive inputs from the parabrachial nucleus (PB) to the CeA have also been recently shown to be essential for the conversion of nociceptive stimuli to defensive responses and for the subsequent formation of a threat memory (Han et al., 2015) . Maladaptive changes in the CeA can, therefore, induce persistent hypersensitivity as well as alterations in affective behaviors, which are commonly comorbid in chronic pain conditions in both humans and rodents (Bushnell et al., 2013; Nahin, 2015; Veinante et al., 2013; Yalcin et al., 2011) . In a contradictory manner, however, earlier studies demonstrated that the CeA is an important locus for analgesia, promoting pain reduction secondary to stress or pharmacological manipulations (Fox and Sorenson, 1994; Manning, 1998; Manning et al., 2001 Manning et al., , 2003 Manning and Mayer, 1995a, 1995b) . The mechanisms underlying these apparently dual and seemingly opposing functions of the CeA in pain modulation remain unknown.
Previous studies have shown that CeA neurons are physiologically, genetically, and functionally heterogenous (Janak and Tye, 2015) . Despite the known cellular and functional heterogeneity in the CeA, studies of pain processing in this brain region have been limited to unidentified populations of cells and/or global manipulations that target all cells within the CeA. In this study, we dissected the function of subpopulations of cells within the CeA by taking advantage of molecular genetic approaches that allow us to fluorescently label and manipulate the activity of distinct CeA cell types based on their gene expression. We focused our studies on cells expressing either protein kinase C delta (CeA-PKCδ) or somatostatin (CeA-Som) because these constitute the majority of CeA neurons and represent largely nonoverlapping populations (Kim et al., 2017; Li et al., 2013) . Using these cell-typespecific approaches, our experiments demonstrated that the CeA can function as a pain rheostat, amplifying or suppressing pain-related behaviors, and that the ability of the CeA to bidirectionally modulate pain is encoded by opposing changes in the excitability of CeA-PKCδ and CeA-Som cells.
RESULTS

Nerve-Injury-Induced ERK Activation and c-Fos Expression Are Preferentially Localized to CeA-PKCδ Cells
To test whether modulation of pain-related behaviors in the CeA is cell-type specific, we used the sciatic nerve cuff model of neuropathic pain (Benbouzid et al., 2008) . The acetone test, Hargreaves test, von Frey filaments assay, and Randall Selitto test were used to measure sensitivity to cold, heat, tactile, and pinch stimulation of the hindpaw, respectively ( Figure  1A ). Paw responses to the different stimuli were measured 1-2 weeks after the sciatic nerve surgery. Consistent with previous reports (Benbouzid et al., 2008) , cuff implantation produced robust hypersensitivity to all four modalities in the paw ipsilateral ( Figure 1B ), but not contralateral to the injury ( Figure S1A ).
CeA neurons are entirely GABAergic and receive nociceptive inputs from the PB via the spino-ponto-amygdaloid pathway (Bernard and Besson, 1990; Bernard et al., 1989; Jasmin et al., 1997) . Numerous studies have shown, however, that CeA neurons are physiologically, genetically, and functionally heterogenous (Amano et al., 2012; Chieng et al., 2006; Dumont et al., 2002; Lopez de Armentia and Sah, 2004; Martina et al., 1999; Schiess et al., 1999) . To determine which neurons, among this highly heterogeneous group of cells, modulate painrelated behaviors, we took a genetic approach in which we fluorescently labeled molecularly distinct CeA neurons ( Figure 1C ) (Han et al., 2015; Haubensak et al., 2010; Li et al., 2013) and combined this with optogenetically assisted circuit mapping in acute brain slices or immunohistochemical monitoring of the activated form of the extracellular signal regulated kinase (pERK) or the protein product of the immediate early gene c-fos as surrogate markers of neuronal activity. We focused our experiments on CeA-PKCδ and CeA-Som cells because together they constitute the majority of CeA neurons and represent largely nonoverlapping populations (Kim et al., 2017; Li et al., 2013) (Figures S1B and S1C).
To determine if nociceptive inputs from the PB selectively target specific subpopulations of CeA cells, an adeno-associated virus (AAV) encoding channelrhodopsin-2 (AAV-hChR2-EYFP) (Zhao et al., 2011) was stereotaxically injected into the lateral PB of Prkcd-Cre::Ai9 or Sst-Cre::Ai9 mice ( Figure 1D ), which allowed us to optogenetically stimulate PB terminals in the CeA ( Figure 1E ). ChR2-YFP-labeled PB axonal terminals were readily observed within the CeA of PB-injected mice, confirming the efferent projections from the PB to the CeA ( Figure 1D ). Whole-cell voltage-clamp recordings were obtained from fluorescently labeled CeA-PKCδ or CeA-Som neurons in acute amygdala slices from PBinjected mice. Photostimulation of PB terminals in the CeA with blue light reliably evoked excitatory postsynaptic currents (EPSCs) in most of the neurons recorded ( Figure 1F ; Table  S1 ), demonstrating that both CeA-PKCδ and CeA-Som neurons receive excitatory inputs from the PB. Immunohistochemical monitoring of cuff-induced pERK or c-Fos further shows that cuff implantation on the sciatic nerve provoked robust ERK activation and c-Fos expression in CeA neurons ( Figure S2 ). Importantly, as illustrated in Figure 2 , cuff-induced ERK activation and c-Fos expression were predominantly induced in CeA-PKCδ cells, with minimal (<5%) colocalization between pERK immunofluorescent and Som-tdTomato labeling ( Figure 2A ) and a much lower (<20%) colocalization between c-Fos and Som-tdTomato labeling than between c-Fos and PKCδ-tdTomato ( Figure 2B ). These results demonstrate that molecular changes in CeA-PKCδ neurons correlate with cuff-induced hypersensitivity to cold, heat, tactile, and pinch stimulation, suggesting that CeA-PKCδ neurons may be preferentially recruited and/or sensitized in neuropathic pain conditions.
Nerve Injury Increases the Excitability of CeA-PKCδ Neurons
Sensitization of CeA neurons, manifested as increases in firing rates in response to peripheral stimulation in vivo or depolarizing current injections ex vivo, in acute brain slices has been reported in various rodent models of persistent pain and shown to be dependent on ERK activation Jiang et al., 2014; Li et al., 2011; . Based on these findings and the preferential localization of nerve-injury-induced ERK activation and c-Fos expression to CeA-PKCδ neurons (Figure 2 ), we hypothesized that pain-related increases in excitability are also localized to CeA-PKCδ neurons. To test this hypothesis, we performed patch-clamp electrophysiological recordings in fluorescently labeled CeA-PKCδ cells in acute amygdala slices obtained from cuff or sham Prkcd-Cre::Ai9 mice ( Figure 3A ). Electrophysiological recordings from CeA-PKCδ fluorescently labeled neurons revealed three different firing types in both cuff and sham cells: spontaneous, late-firing (LF), and regular-spiking (RS) neurons ( Figure 3C ). Similar proportions of the different firing types were found in both cuff and sham conditions, demonstrating that cuff implantation does not affect the firing phenotypes of CeA-PKCδ neurons. Notably, however, analysis of the intrinsic membrane and firing properties of late-firing CeA-PKCδ neurons demonstrated that firing rates in response to prolonged depolarizing current injections of increasing amplitudes were significantly (p < 0.05) larger in CeA-PKCδ late-firing neurons from cuff mice compared to those from sham mice ( Figure 3D ). The increased excitability of PKCδ late-firing neurons from cuff mice was accompanied by increases in input resistance and decreases in rheobase and current threshold for action potential generation (Figures 3D and 3E) . Importantly, resting membrane potentials and supratheshold properties were not altered in cuff PKCδ late-firing neurons, suggesting that the increases in excitability are mediated by changes in subthreshold conductances (Figures 3D and 3E;  Table S1 ). The effects of cuff implantation on the neuronal excitability of CeA-PKCδ neurons was restricted to late-firing neurons as both intrinsic and firing membrane properties were indistinguishable in regular-spiking CeA-PKCδ neurons in both cuff and sham conditions (Table S1 ). Of note, mapping of the recording sites for the spontaneous, regular-spiking, and late-firing CeA-PKCδ cells in cuff and sham conditions demonstrated that the anatomical distribution of these cells is indistinguishable between firing types and between experimental conditions ( Figure S3A ). Together with the pERK and c-Fos immunohistochemistry, these electrophysiological experiments suggest that hyperexcitability of CeA-PKCδ late-firing cells underlies cuffinduced tactile hypersensitivity.
Chemogenetic Inhibition of CeA-PKCδ Cells Reverses Nerve-Injury-Induced Tactile and Thermal Hypersensitivity
To establish a causal link between the activity of CeA-PKCδ cells and cuff-induced hypersensitivity to cold, heat, and tactile stimulation, we stereotaxically injected a Credependent AAV encoding the inhibitory designer receptors exclusively activated by designer drugs (G i DREADD) hM4Di (AAV8-DIO-hM4Di-mCherry) (Krashes et al., 2011) into the CeA of Prkcd-Cre mice ( Figure 4A ). As illustrated in Figures 4B, 4C , and S4A, unilateral stereotaxic injection of AAV8-DIO-hM4Di-mCherry into the CeA results in robust and localized transduction of hM4Di-mCherry in CeA-PKCδ cells. Whole-cell current-clamp recordings from acute amygdala slices prepared from mice expressing hM4Di in the CeA confirmed that bath application of clozapine-N-oxide (CNO; 10 μM), but not bath application of saline control, significantly inhibits neuronal firing in hM4Di-transduced cells ( Figure 4D ). The effects of selective inhibition of CeA-PKCδ cells on peripheral sensitivity were then measured before and after i.p. injection of CNO (10 mg/kg body weight) in cuff and sham mice ( Figures 4F and 4G) . These experiments revealed that CNO-mediated chemogenetic inhibition of CeA-PKCδ cells reverses cuff-induced hypersensitivity to cold, heat, and tactile stimulation in the paw ipsilateral to sciatic nerve injury ( Figure 4G ). Notably, CNO treatment did not affect baseline responses in sham mice or responses in the paw contralateral to nerve injury ( Figures S5A and S5B) , demonstrating that the effects of silencing CeA-PKCδ neurons are specific to pathological pain states and that basal activity of these cells does not contribute to pain-related behaviors in the absence of injury. The effects of CNO are hM4Di-specific as CNO injection did not affect cuff-induced hypersensitivity in mice transduced with the mCherry control virus ( Figure 4G ). Similarly, hM4Di expression in the absence of CNO did not reverse cuff-induced hypersensitivity. The selectivity of the CNO effects indicate that previous reports of DREADD-independent effects of CNO do not underlie the reversal of cuff-induced tactile hypersensitivity induced by chemogenetic inhibition of CeA-PKCδ cells (Gomez et al., 2017; Manvich et al., 2018) .
Chemogenetic Activation of CeA-PKCδ Cells Is Sufficient to Promote Bilateral Tactile, but Not Thermal, Hypersensitivity in the Absence of Nerve Injury
The combined results from the pERK and c-Fos immunohistochemistry, electrophysiological experiments in acute slices, and the chemogenetic behavioral experiments presented above demonstrate that sensitization of CeA-PKCδ neurons following nerve injury is necessary for peripheral hypersensitivity to cold, heat, and tactile stimulation of the hindpaw in neuropathic pain conditions and, importantly, that there is no tonic modulation of painrelated responses by CeA-PKCδ cells in the absence of injury. The next set of experiments aimed at determining if activation of CeA-PKCδ cells is sufficient to induce hypersensitivity to cold, heat, and tactile stimulation of the hindpaw. To do this, we infused the excitatory DREADD hM3Dq (AAV8-DIO-hM3Dq-mCherry) into the CeA of Prkcd-Cre mice and performed the same battery of behavioral tests before and after the intraperitoneal (i.p.) injection of CNO (10 mg/kg body weight) or saline in cuff, sham, and naive mice ( Figure  4F ). As illustrated in the slice electrophysiological experiments shown in Figure 4E , bath application of CNO, but not bath application of saline control, significantly depolarized and increased neuronal firing in hM3Dq-transduced cells. At the behavioral level, CNOmediated chemogenetic activation of CeA-PKCδ cells did not affect sensitivity to cold or heat stimuli in either cuff or sham mice but induced a markedly robust hypersensitivity to tactile stimulation of the hindpaw in the absence of nerve injury in both sham and naive mice ( Figure 4H ). Consistent with previous reports of bilateral modulation of peripheral tactile sensitivity by unilateral amygdala manipulations (Carrasquillo and Gereau, 2008; Ji and Neugebauer, 2009; Kolber et al., 2010; Li et al., 2017) , the effects of unilateral activation of CeA-PKCδ neurons presented here were observed in both the right and left hindpaw ( Figure S5C ). Behavioral responses after nerve injury were not affected by CNOmediated activation of CeA-PKCδ neurons, possibly because the mice are already at the maximum measurable level of hyperalgesia.
Together, these results demonstrate that while activity in CeA-PKCδ neurons is necessary for peripheral tactile and thermal hypersensitivity, activation of these cells in the absence of tissue injury is only sufficient to induce tactile, but not thermal, hypersensitivity.
Nerve Injury Decreases the Excitability of CeA-Som Neurons
CeA-Som cells, which constitute approximately half of the neurons within the CeA, are distinct from, but intermingled with, CeA-PKCδ neurons and have been previously shown to contribute to behavioral responses to threat-predicting sensory cues (Fadok et al., 2017; Yu et al., 2016) . Given the overlapping emotional impact of a painful stimulus and a threat, it was surprising to find an almost complete lack of cuff-induced pERK labeling in CeA-Som cells (Figure 2A ). To investigate whether CeA-Som cells undergo pain-related changes in neuronal activity, we recorded the firing responses of fluorescently labeled CeA-Som cells in acute slices from cuff and sham-treated Sst-Cre::Ai9 mice. These experiments revealed that approximately half (54.8%) of the CeA-Som cells are spontaneously active in sham conditions ( Figure 5A ). However, in contrast to what we observed in the CeA-PKCδ neurons (Figure 3 ), the proportion of spontaneously active CeA-Som cells in slices from cuff mice is markedly and significantly reduced compared to that in sham mice ( Figure 5A ). The firing and intrinsic membrane properties of regular-spiking and late-firing CeA-Som cells were largely indistinguishable in cuff and sham conditions, demonstrating that cuff implantation selectively silences a subpopulation of CeA-Som cells (Table S1 ). As with the CeA-PKCδ neurons, mapping of the recording sites for the spontaneous, regular-spiking, and late-firing CeA-Som cells in cuff and sham conditions revealed that the anatomical distribution of these cells is indistinguishable between firing types and experimental conditions ( Figure S3B ). These electrophysiological experiments demonstrate decreases in excitability in CeA cells in the context of persistent pathological pain and, together with the results described above, demonstrate bidirectional cell-type-specific pain-related changes in the excitability of CeA neurons, with CeA-PKCδ cells displaying hyperexcitability and CeA-Som cells displaying hypoexcitability.
CeA-Som Neurons and CeA-PKCδ Cells Bidirectionally Modulate Tactile Sensitivity in Complete Opposite Directions
To establish whether a causal relationship between the hypoexcitability phenotype of CeA-Som cells and peripheral hypersensitivity to thermal and tactile stimuli exists, we stereotaxically injected AAV8-DIO-hM4Di-mCherry (or AAV8-DIO-mCherry) into the CeA of Sst IRES-Cre mice and measured their responses to cold, heat, and tactile stimulation of the hindpaw before and after the i.p. injection of CNO or saline in cuff, sham, and naive mice ( Figure 5F ). As illustrated in Figures 5B and S4C , unilateral stereotaxic injection of AAV8-DIO-hM4Di-mCherry into the CeA results in robust and localized transduction of hM4Di-mCherry in CeA-Som cells and reduced firing responses when CNO (10 μM), but not saline, was bath applied ( Figure 5D ). The effects of selective inhibition of CeA-Som cells on sensitivity to heat, cold, and tactile stimulation were then measured in both hindpaws before and after i.p. injection of CNO (10 mg/kg body weight) or saline ( Figure 5G ). In contrast to the antihyperalgesic effects we saw following chemogenetic inhibition of CeA-PKCδ cells after nerve injury and the lack of effects of silencing the CeA-PKCδ cells at baseline conditions ( Figure 4F ), chemogenetic inhibition of CeA-Som induced tactile hypersensitivity, manifested as a significant (p < 0.001) decrease in paw withdrawal thresholds in the absence of tissue injury, in both sham and naive mice ( Figure 5G ). Notably, responses to heat and cold stimulation are not altered by inhibition of CeA-Som neurons in cuff or sham mice, demonstrating that modulation of nociceptive responses by CeA-Som cells is modality specific. It is also important to note that, in contrast to the anti-hyperalgesic effects of chemogenetic inhibition of CeA-PKCδ neurons in the context of nerve injury ( Figure 4G ), CNO-mediated inhibition of CeA-Som neurons did not affect behavioral responses after nerve injury ( Figure 5G ). These results demonstrate that reversal of nerveinjury-induced hypersensitivity is specific to the inhibition of CeA-PKCδ neurons and not mediated by the inhibition of other cell types in the CeA. The lack of enhancement of tactile hypersensitivity in cuff mice might reflect a ceiling effect of measurable hyperalgesia in this model.
Together, the results from these behavioral experiments demonstrate that basal activity of CeA-Som neurons contributes to an endogenous, modality-specific, antinociceptive tone. Similar to the effects of unilateral activation of CeA-PKCδ neurons, the effects of unilateral silencing of CeA-Som neurons are also observed in both the right and left hindpaw ( Figures  S6A and S6B ), demonstrating that inhibition of CeA-Som cells is sufficient to induce tactile hypersensitivity in the absence of nerve injury.
Our electrophysiological experiments demonstrate that nerve injury attenuates the excitability of CeA-Som cells. Based on these findings, we predicted that chemogenetic activation of CeA-Som cells would reverse hypersensitivity in the context of nerve injury. To test this hypothesis, AAV8-DIO-hM3Dq-mCherry was injected into the CeA of Sst IRES-Cre mice, and the effects of i.p. injections of CNO or saline on nerve-injury-induced cold, heat, and tactile hypersensitivity were measured Figure 5F ). As illustrated in Figure 5H , chemogenetic activation of CeA-Som cells results in robust analgesia that specifically reverses tactile, but not thermal, nerve-injury-induced hypersensitivity. Notably, chemogenetic activation of CeA-Som neurons did not alter baseline responses to tactile stimulation or responses in the untreated paw ( Figure S6C ), demonstrating that the contribution of these cells to pain-related behaviors is specific to pathological pain states.
Together, the results presented here demonstrate that the excitability of CeA-Som and CeA-PKCδ cells is differentially influenced by nerve injury and that these cell populations have opposing functions in the modulation of pain-related behaviors, with CeA-Som cells driving hypoalgesia and CeA-PKCδ cells driving hyperalgesia.
DISCUSSION
Previous studies have shown that the CeA is an important site for pain modulation (Neugebauer, 2015; Thompson and Neugebauer, 2017; Veinante et al., 2013) . The results from these reports, however, are contradicting, with some studies demonstrating that the CeA promotes hypersensitivity (Carrasquillo and Gereau, 2007; Kim et al., 2017; Neugebauer et al., 2004) and other studies showing that it promotes analgesia (Fox and Sorenson, 1994; Manning, 1998; Manning et al., 2003; Manning and Mayer, 1995a; Manning et al., 2001) . Here, we demonstrated that the CeA has a dual function in the modulation of pain, amplifying and attenuating pain-related behaviors in mice. Our study further demonstrated that the direction of pain modulation in the CeA is mediated via opposing changes in the excitability of two major subpopulations of CeA cells, the CeA-PKCδ and CeA-Som neurons. We propose that the CeA functions as a pain rheostat system that enhances or suppresses pain responses under both normal and pathological states ( Figure 6 ).
Dual and Opposing Modulation of Pain-Related Behaviors in the CeA
Maladaptive changes in neuronal excitability and synaptic strength in the CeA underlie persistent pathological pain states. Accordingly, patch-clamp electrophysiological experiments in acute amygdala slices have shown persistent pain-induced increases in the excitability of CeA neurons Jiang et al., 2014; . Consistent with these studies, the results of our study showed pain-related alterations in the excitability of CeA cells, including increases in excitability. Importantly, however, our experiments also revealed that pain-induced changes in excitability in the CeA are bidirectional and cell-type specific. Thus, both increases and decreases in excitability were observed in CeA neurons in the context of pain, with the increases in excitability restricted to CeA neurons that express PKCδ (Figure 4 ) and the decreases restricted to those expressing somatostatin ( Figure 5A ).
The decreases in excitability were particularly surprising given that we also show that these cells receive excitatory inputs from the PB and because previous studies have only reported increases in the excitability of CeA neurons in the context of persistent pain. The lack of pain-induced decreases in excitability in previous reports might, therefore, reflect a diluted or masking effect of the phenotype due to previous recordings having been obtained from unidentified populations of CeA cells .
Our findings demonstrating that both CeA-PKCδ and CeA-Som neurons are recipients of excitatory inputs from the PB ( Figures 1D-1F ) are interesting given that our excitability experiments demonstrate cell-type-specific opposing changes in the excitability of these cells following nerve injury (Figures 3 and 5A ). Together, these results suggest that changes in the output of these cells, rather than the inputs, are the main driving source of pain-related plasticity. Previous studies have mainly focused on plasticity of synaptic transmission in the CeA as a mechanism underlying behavioral outputs (Ressler and Maren, 2019) . Our results demonstrating that cell-type-specific plasticity of intrinsic excitability in the CeA, and not synaptic inputs from the PB to the CeA, underlies pain behavioral sensitization offer an insightful perspective that will be important to consider in future studies evaluating the mechanisms underlying modulation of behavioral outputs in the CeA.
The CeA functions to modulate evolutionarily conserved behavioral responses such as innate and learned responses to threat in a cell-type-and circuit-specific manner (Fadok et al., 2017; Han et al., 2015; Penzo et al., 2014 Penzo et al., , 2015 Sanford et al., 2017; Yu et al., 2016) . Future studies that evaluate the contribution of distinct CeA cell types and circuits to the interactions among fear, stress, context, and pain will be essential for a holistic understanding of the mechanisms underlying modulation of behavioral outputs in the CeA. Previous studies have shown, for example, that CeA-Som cells are activated by threatpredicting cues and drive passive fear responses (Li et al., 2013; Yu et al., 2016) . Our results showing that chemogenetic activation of these cells promotes analgesia raises the interesting question of whether activation of CeA-Som cells will underlie fear-and/or stress-induced analgesia. Similar convergence of function might occur in CeA-PKCδ neurons that promote hypersensitivity. Previous studies have shown that optogenetic activation of these cells produces real-time aversion (Yu et al., 2017) , predicting that endogenous activation of CeA-PKCδ neurons after injury underlies pain-induced aversion.
Pain ON and OFF Cells
Opposing changes in excitability within a brain region in the context of pain has been previously described in the rostroventromedial medulla (RVM) of rodents with in vivo electrophysiological experiments (Fields et al., 1983) . These studies described a population of RVM ON cells that display bursts in activity in response to peripheral noxious stimulation just prior to the withdrawal reflex and a second population of RVM cells, the RVM OFF cells, that pause firing responses before the withdrawal reflex when noxious stimuli are peripherally applied. ON and OFF cells with similar electrophysiological responses to peripheral noxious stimuli have also been described in the periaqueductal gray (PAG) and the dorsolateral pontine tegmentum (DLPT) (Haws et al., 1989; Heinricher et al., 1987) . While not classically described as ON and OFF cells, neurons that pause or increase firing in response to peripheral noxious stimuli have also been found in in vivo recordings of the CeA (Bernard et al., 1992; Neugebauer and Li, 2002) . Whether CeA-PKCδ cells and CeA-Som cells display electrophysiological responses in vivo that are similar to those described by Fields et al. in the RVM, PAG, and DLPT and, more importantly, whether they undergo pain-induced sensitization in models of persistent pathological pain are important questions for future studies. Based on the results presented here, we predict that the neurons that display increased firing responses to peripheral noxious stimulation in vivo are CeA-PKCδ and that those that display inhibition are the CeA-Som neurons.
Modulation of Injury-Induced Hypersensitivity by CeA-PKCδ and CeA-Som Neurons Is Modality Specific
Our experiments demonstrate that modulation of baseline peripheral sensitivity and injuryinduced hypersensitivity by CeA-Som and CeA-PKCδ neurons is modality specific. While activity in CeA-PKCδ neurons is required for cold, heat, and tactile hypersensitivity ( Figure  4G ), activity in these cells in the absence of injury is sufficient to induce only tactile (but not heat or cold) hypersensitivity ( Figure 4H ). The CeA-Som cells, in contrast, only modulate tactile hypersensitivity ( Figures 5G and 5H ). Previous studies have found that global manipulations in the CeA do not affect heat hypersensitivity (Carrasquillo and Gereau, 2007) , despite the in vivo studies demonstrating that a subpopulation of CeA neurons do respond to heat noxious stimuli (Bernard et al., 1992; Neugebauer and Li, 2002) . Our experiments suggest that the heat-responsive neurons in the CeA are the CeA-PKCδ. Our results further support the prediction that distinct input and output profiles of CeA-Som and CeA-PKCδ neurons underlie their opposing functions in the modulation of pain-related behaviors.
Heterogeneity of Function within Genetically Distinct Groups of CeA Neurons
Several studies demonstrate that modulation of behaviors in the CeA is cell-type specific, with many studies focusing on the function of genetically distinct cells (Janak and Tye, 2015; Kim et al., 2017) . The results presented here support this idea, demonstrating opposing modulation of pain-related behaviors by two nonoverlapping and genetically distinct subpopulations of CeA cells. A recent study demonstrated, however, that modulation of fear-related behaviors by genetically distinct CeA cells are anatomically segregated (Kim et al., 2017) . Thus, CeA-PKCδ neurons that reside in the capsular subdivision of the CeA (CeC) were shown to be functionally opposed to those residing in the lateral subdivision of the CeA (CeL). Results in the present study demonstrate, however, that pain-induced ERK activation and c-Fos expression are localized to both the CeC and CeL (Figure 2 ). In addition, the anatomical distribution of the late-firing CeA-PKCδ cells that exhibit painrelated increases in excitability is also localized to both the CeC and CeL ( Figure S1B ). Our results therefore suggest that, in contrast to the CeA-PKCδ cells that modulate fear-related behaviors, the CeA-PKCδ neurons that modulate pain-related behaviors are not anatomically segregated but are instead distributed throughout the CeC and CeL. Consistent with our results, previous studies have shown that, like the CeA-PKCδ cells that modulate pain, the nociceptive inputs from the PB are also localized to both the CeC and CeL Sarhan et al., 2005; Sugimura et al., 2016) .
It is worthwhile to note, however, that while we did not find anatomical segregation of function within the CeA-PKCδ cells in the context of pain, our results did demonstrate that the electrophysiological properties of these cells are highly heterogenous and that painrelated changes in intrinsic excitability are restricted to late-firing, but not regular-spiking, cells ( Figure 3 ; Table S1 ). Similarly, the firing types within the CeA-Som cells were also heterogeneous, and while the number of spontaneously active CeA-Som neurons decreased following nerve injury ( Figure 5A ), the firing properties of all other CeA-Som cell types were unchanged (Table S1 ).
Together, our findings demonstrate segregation of function within genetically distinct neurons in the modulation of CeA-dependent behaviors that is defined by the firing phenotypes of subpopulations of neurons within these genetically distinct cells. Given that firing phenotypes are tightly regulated by anatomical inputs and the specific repertoire of ion channels expressed, defining the source of the electrophysiological heterogeneity of genetically distinct CeA cells will be an important step forward in our understanding of the mechanisms underlying CeA-dependent behaviors.
The activated form of ERK (pERK) and c-Fos have both been widely used as surrogate markers of neuronal activity, with no consensus in the field as to which is a better marker of injury-induced sensitization (Gao and Ji, 2009 ). In the present study, we used both markers to demonstrate that pain-related changes in neuronal activity are preferentially localized to CeA-PKCδ neurons. Activation of ERK in the CeA has been shown to be required for and sufficient to induce behavioral hypersensitivity in several rodent models of pathological pain, including inflammatory Gereau, 2007, 2008; Fu et al., 2008) , visceral (Crock et al., 2012; Kim et al., 2010; Sadler et al., 2017) , and muscle pain Min et al., 2011) .
Previous studies have also characterized the signaling pathways that are upstream and downstream of the activation of ERK in the CeA, further demonstrating the functional contribution of this kinase to the modulation of pain Fu et al., 2008; Kolber et al., 2010; Li et al., 2011; Min et al., 2011) . The activation of ERK in all previous studies has been shown to be restricted to a subpopulation of CeA cells that are anatomically localized to the capsular and lateral subdivisions of the CeA. The present study expands our understanding of CeA modulation of pain-related behaviors by demonstrating that ERK activation is largely restricted to CeA-PKCδ neurons, which also show increases in neuronal excitability.
Proposed Model for CeA Modulation of Pain
Our findings demonstrate that two subpopulations of CeA neurons, defined by the expression of either PKCδ or somatostatin, have opposing electrophysiological responses to nerve injury as well as opposing functions in the modulation of pain-related behaviors ( Figure 6) . These results uncovered a previously unknown causal link between the firing responses of distinct CeA cell types and pain-related behavioral outputs. These results also highlight the functional heterogeneity and complexity of CeA circuits in the modulation of pain. Based on our findings demonstrating that excitability in CeA-PKCδ neurons is increased following injury but that it is attenuated in CeA-Som neurons, we propose a model where the gain of nociceptive inputs to the CeA is increased due to the increased output of CeA-PKCδ neurons in the context of pain. The decreased rheo-base and increased input resistance observed in CeA-PKCδ neurons following nerve injury suggests that changes in subthreshold ionic conductances contribute to the pain-induced hyperexcitability phenotype. This hypothesis, however, does not preclude the possibility that injury-induced sensitization of CeA-PKCδ neurons might also be synaptically driven. Additional experiments are required to dissect out the mechanism driving the injury-induced sensitization of CeA-PKCδ neurons.
Finally, the sources of inhibition of the CeA-Som cells in the context of pathological pain remains unknown. Previous studies have shown, however, that CeA-PKCδ and CeA-Som neurons are synaptically interconnected and can inhibit each other Haubensak et al., 2010; Hunt et al., 2017; Li et al., 2013) . Based on those results and the present findings, we hypothesize that inhibition of CeA-Som neurons is driven by local inhibitory inputs from the sensitized CeA-PKCδ cells. Determining if nerve-injury-induced strengthening of these synapses is cell-type specific and whether inhibition of CeA-Som cells is downstream or independent of the activation of CeA-PKCδ cells are important questions for future investigations. It will be equally valuable to define the anatomical inputs and outputs that mediate the opposing function of these CeA cells in the modulation of painrelated behaviors.
STAR★METHODS LEAD CONTACT AND MATERIALS AVAILABILITY
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yarimar Carrasquillo (yarimar.carrasquillo@nih.gov) . This study did not generate new unique reagents.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Mice-Experiments were performed in accordance with the guidelines of the National Institutes of Health (NIH) and were approved by the Animal Care and Use Committee of the National Institute of Neurological Disorders and Stroke and the National Institute on Deafness and other Communication Disorders. Adult (8-to 17-week-old) male mice were used for all experiments, with littermates randomly assigned to experimental groups. Heterozygous male or female Prkcd-cre mice (GENSAT -founder line 011559-UCD) were crossed with Swiss-Webster mice (Taconic Farms) or Ai9 mice (Jackson Laboratories); heterozygous male Sst-cre (Jackson Laboratory -founder line 018973) were crossed with female C57BL/6NJ (Jackson Laboratory) or Ai9 (Jackson Laboratory) mice; C57BL/6NJ (Jackson Laboratory) were bred as homozygous. Offspring mice were genotyped for the presence of cre-recombinase using DNA extracted from tail biopsies and PCR (Transnetyx) with the following primers: TTAATCCATATTGGCAGAACGAAAACG (forward) and CAGGCTAAGTGCCTTCTCTACA (reverse). Mice were initially housed in groups (up to 5 mice per cage) with their littermates under reversed 12 h light/dark cycle (9 pm to 9 am light). Mice were moved to clean home cages and were housed in pairs, separated by a perforated Plexiglas divider following surgeries. Food and water were provided ad libitum.
One week prior to behavioral, electrophysiological or histological experiments, mice were handled by the experimenter for 5 min and received a mock intraperitoneal (i.p.) injection (0.1 mL of sterile saline) daily. (Krashes et al., 2011) , AAV8-hSyn-DIO-mCherry (Addgene viral prep # 50459-AAV8), pAAV-hSyn-DIO-hM3D(Gq)-mCherry (Addgene viral prep #44361-AAV8) and AAV2hsyn-hChR2(H134R)-EYFP (UNC Vector Core, Lot Number AV4384G) (Zhao et al., 2011) , were produced by Addgene and the Vector Core at the University of North Carolina and stored in aliquots at −80°C until use.
METHOD DETAILS
Viral vectors-AAV8-hSyn-DIO-hM4Di-mCherry (Addgene viral prep # 44362-AAV8)
Surgical procedures
Stereotaxic intra-amygdala injections: Acute microinjections were performed as previously described using a Model 940 small animal stereotaxic instrument (David Kopf Instruments) (Carrasquillo and Gereau, 2007) . Mice were deeply anesthetized with 2% isoflurane at a flow rate of 0.5 L/min and micro-injected with AAV8-hSyn-DIO-hM4Di-mCherry, AAV8-hSyn-DIO-mCherry or AAV8-hSyn-DIO-hM3Dq-mcherry into the right CeA or LPB using a Hamilton 0.5 μl syringe including a 32-gauge needle (Neuro model 7000.5 KH). The right CeA was selected because previous reports have shown right hemisphere lateralization of amygdala function in the modulation of tactile hypersensitivity in mice (Carrasquillo and Gereau, 2008; Ji and Neugebauer, 2009; Kolber et al., 2010; Li et al., 2017) . A total volume of 0.03 μl was injected in Sst-cre mice; 0.3 μl was injected in Prkcd-cre mice. Injections were performed at a flow rate of 0.1 μl/min and the injector was left in place at the end of the injection for an additional 15 min after to allow for virus diffusion. The following stereotaxic coordinates were used to target the CeA in Prkcd-cre mice: 1.4 mm posterior from bregma, 3.2 mm lateral to midline, 4.8 mm ventral to skull surface. The stereotaxic coordinates for Sst-cre mice were: 1.25 mm posterior from bregma, 3.0 mm lateral to midline, 4.5 mm ventral to skull surface. Lateral parabrachial nucleus injections were performed as described above. A total volume of 0.1 μl was injected in Prkcd-cre mice using the following stereotaxic coordinates: 5.0 mm posterior from bregma, 1.30 mm lateral to midline, 3.52 mm ventral to skull surface. A total volume of 0.1 μl was injected in Sst-cre mice using the following stereotaxic coordinates: 4.9 mm posterior from bregma, 1.2 mm lateral to midline, 3.78 mm ventral to skull surface. Mice recovered for 1 week before additional experimental procedures. At the end of each experiment, mice were transcardially perfused with 4% paraformaldehyde solution in 0.1 M Phosphate Buffer (PFA/PB), pH 7.4 and the brains were stained for mCherry as described below to verify injection site. Anatomical limits of each region were identified using a mouse brain atlas (Paxinos and Franklin, 2001 ) and drawings of the virus spread as a function of the rostrocaudal level were performed for each injected mouse. Only mice that had virus injection restricted to the CeA were used for behavioral experiments.
Sciatic cuff implantation:
Sciatic nerve surgeries were performed as previously described (Benbouzid et al., 2008) . Mice were anesthetized with 2% isoflurane at a flow rate of 0.5 L/min and a 1-cm long incision was made in the proximal one third of the lateral thigh. The sciatic nerve was exteriorized with forceps inserted under the nerve and gently stretched using the forceps. A 2 mm-long-piece of PE-20 non-toxic, sterile polyethylene tubing (0.38 mm ID / 1.09 mm OD; Daigger Scientific) split along its side was slid onto the exposed part of the sciatic nerve. For sham mice, the sciatic nerve was exteriorized and gently stretched using forceps and then returned to its normal position. The skin was closed with wound clips following each surgery. All testing in these mice occurred 1 week after recovery from surgery.
30° for ~2 s. The smallest filament that evoked a paw withdrawal response in at least three of five trials was taken as the mechanical threshold for that trial. Three to five baseline measurements were taken from each hindpaw before surgery and 1 week after cuff/sham surgery. The average was calculated individually for each paw. Mechanical hypersensitivity was assessed by comparing withdrawal thresholds before and after cuff, sham or drug treatment.
Randall-Selitto Test:
Response thresholds to mechanical pressure stimulation (pinch) of the hindpaws were measured by a female experimenter using a modified version of the Randall-Selitto test as previously described (Randall and Selitto, 1957) . Mice were briefly anesthetized in 3% isoflurane in an induction chamber, then kept lightly anesthetized with 0.5%-1% isoflurane at a flow rate of 0.5 L/min. A sharp pinch, not exceeding 200 g of force, was delivered to the plantar surface of the hindpaw ipsilateral to sciatic nerve treatment. Pinch pressure that elicited withdrawal was recorded at 1minute intervals for 30 minutes. The average was calculated individually for each animal.
Hargreaves Test: Assessment of thermal sensitivity in cuff and sham mice was performed by a male experimenter using a modified version of the Hargreaves test (Hargreaves et al., 1988) as described previously (Carrasquillo and Gereau, 2007) . Mice were tested in ventilated opaque white Plexiglas testing chambers (11 × 11 × 13 cm) placed on an elevated platform with a clear glass surface heated to 30°C. Following a 1 h period of habituation, a thermal stimulus from a constant radiant heat source (active intensity of 25 for C57BL/6NJ and 35 for Swiss-Webster background mice) was delivered through the glass bottom of the chamber to the plantar surface of the hindpaw (IITC Life Sciences, Woodland Hills, CA). The time to paw withdrawal was recorded. The average of five latencies were taken from each hindpaw before, 1 and 24 hours after drug treatment.
Acetone Evaporative Test:
The acetone evaporative test (Choi et al., 1994) was adapted to measure sensitivity to a cold stimulus and was performed by a male experimenter. Cuff and sham mice were placed for habituation in a ventilated opaque white Plexiglas testing chamber (11 × 11 × 13 cm) on an elevated metal wire for 3 hours. Acetone (Sigma) was drawn into a 1 mL syringe and a drop was lightly applied through the wire mesh to the plantar surface of the hindpaw, being careful not to directly touch the paw with the syringe to avoid false withdrawal responses. Following acetone application, nociceptive responses were quantified for 60 s using a modified version of the scoring system described previously (Colburn et al., 2007) where 0 = a rapid transient lifting, licking, or shaking of the hindpaw, which subsides immediately; 1 = lifting, licking, and/or shaking of the hindpaw, which continues beyond the initial application, but subsides within 5 s; 2 = protracted, repeated lifting, licking, and/or shaking of the hindpaw. The average score of five stimulations were taken from each hindpaw before, 1 and 24 hours after drug treatment.
Image acquisition and analysis-Image acquisition was performed using a Nikon A1R laser scanning confocal microscope and a 2× (for low magnification) or a 20× (for high magnification) objective. Representative high magnification images were collected using a 40× oil-immersion objective. All image analyses were performed from the images collected using the 20× objective and with the experimenter blinded to experimental group. Laser intensity, gain, and pinhole were kept constant between experiments. Sequential acquisition of multiple channels was used, and z stacks were collected at 0.9 μm steps. Images were collected at a size of 0.7 × 0.59 mm and were automatically stitched upon acquisition using NIS Elements software. Image stacks were converted into maximum intensity z-projections using the NIS Elements software. Quantitative analysis was performed in the CeA, between bregmas −0.58 and −1.94. Anatomical limits of each region were identified using a mouse brain atlas (Paxinos and Franklin, 2001) . Quantification of the number of positive cells was performed manually for each channel using the software NIS Elements and were quantified using 1 section per rostrocaudal level per mouse. Co-labeled cells were automatically identified by NIS Elements software and were visually corroborated by an experimenter. mM): 110.0 choline chloride, 25.0 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 0.5 CaCl 2 , 7.2 MgCl 2 , 25 D-glucose, 12.7 L-ascorbic acid, 3.1 pyruvic acid, and saturated with 95% O 2 -5% CO 2 . Brains were rapidly removed and placed in ice-cold cutting solution. Coronal slices (250-300 μm) containing the central amygdala were cut on a Leica VT1200 S vibrating blade microtome (Leica Microsystems Inc., Buffalo Grove, IL, USA) and incubated in a holding chamber with oxygenated artificial cerebral spinal fluid (ACSF) containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 2.0 CaCl 2 , 1.0 MgCl 2 , 25 D-glucose (~310 mosmol −1 ), saturated with 95% O 2 -5% CO 2 , at 33°C for 30 minutes, then moved to room temperature for at least an additional 20 minutes before transfer to the recording chamber.
Electrophysiological Recording:
Electrophysiological experiments were performed blind to experimental treatment. Whole-cell current-clamp and voltage-clamp recordings were obtained at 33 ± 1°C from visually identified tdTomato-expressing CeA neurons using differential interference contrast optics with infrared illumination. Recording electrodes were positioned in the CeA under visual control. The CeA was identified based on the distinctive fiber bundles that clearly delineate its structure. For current-clamp experiments, slices were perfused continuously with ACSF, 95% 0 2 -5% CO 2 . ACSF (with or without Picrotoxin (100 μM), Tetrodotoxin (1 μM) and/or 4-Aminopyridine (100 μM)) was used for voltage-clamp experiments. Recording pipettes for current-clamp experiments contained a potassium methylsulfate-based internal solution (in mM): 120 KMeSO 4 , 20 KCl, 10 HEPES, 0.2 EGTA, 8 NaCl, 4 Mg-ATP, 0.3 Tris-GTP, 14 Phosphocreatine, pH 7.3 with KOH (~300 mosmol −1 ). The composition of the internal solution for the voltage-clamp experiments was either cesium gluconate-based (in mM: 120 cesium gluconate, 6 NaCl, 10 HEPES hemisodium, 12 phosphocreatine Na2, 5 EGTA, 1 CaCl2, 2 MgCl2, 2 ATP Mg, and 0.5 GTP Na (pH 7.4 as adjusted with CsOH; osmolarity, approximately 290 mOsm/kg) or potassium methylsulfate-based. Biocytin (3 mg/ml) was added to the solution in some recordings. Pipette resistances were 2-6 MΩ, with series resistances not exceeding 20 MΩ. Experiments were controlled and data was collected using the Multiclamp 700B patchclamp amplifier interfaced with a Digidata 1550 acquisition system and pCLAMP 10.7 software (Axon Instruments, Union City, CA, USA) to a Dell computer. Tip potentials were zeroed before membrane-pipette seals were formed; pipette capacitances and series resistances were compensated and monitored using the pCLAMP software, throughout recording. Single and repetitive action potential firings were elicited from resting membrane potentials in response to brief (5 ms) and prolonged (500 ms) depolarizing current injections of variable amplitudes, respectively. Spontaneously active neurons were recorded for 5 minutes, gap-free, in the cell-attached configuration, and 1-minute gap-free after break-in. For the optogenetic stimulation experiments, light-evoked excitatory postsynaptic currents were recorded at a holding potential of −60 mV and ChR2 was activated using an LED illumination system (λ = 470 nm, Mightex) controlled by pCLAMP 10.7 software. Light pulses of 5 ms were delivered at 10 Hz to drive synaptic responses. For validation of CNO effects on hM3Dq-and hM4Di-transduced cells, current-clamp recordings were performed with 5 μM CPP (-((R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid), 10 μM NBQX (2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide) and 5 μM GABAzine (6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide).
Changes in excitability were measured using a 500 ms current injection that elicited between 3 and 6 action potentials. After at least 10 recordings of stable action potential firing, 10 μM CNO or vehicle in ACSF and synaptic blocker was applied via bath application. The same current injection was used to elicit action potentials throughout bath application. Once the cell began to fire stably, 10 additional recordings were performed. Both the number of elicited spikes and resting membrane potential were analyzed to assess excitability. Values were averaged across five stable traces. For LPB recordings, pipette resistances were 4-7 MΩ, with series resistances not exceeding 40 MΩ. Signals were acquired at 100 kHz and filtered at 10 kHz before digitization and storage.
Data Analysis: Data were compiled and analyzed using ClampFit 10.7 (Molecular Devices), Microsoft Excel, Mini Analysis (v. 6.0.7, Synaptosoft, Inc., Decatur, GA, USA) and Prism (v. 7, GraphPad Software Inc., La Jolla, CA, USA) . Input resistances (R in ) were calculated from the average change in membrane potential produced by a 20-pA hyperpolarizing and depolarizing current injection from the resting membrane potential. Rheobase was defined as the minimal current that induces an action potential in response to 500-ms depolarizing current injection. Voltage sag (V sag ) was calculated as the difference between the steady state voltage and the peak voltage response to a 500-pA hyperpolarizing current injection. The properties (current threshold for action potential generation, amplitudes, voltage thresholds, widths at half-maximum, rise and decay times) of individual action potentials were determined offline using Mini Analysis (version 6.0.7; Synaptosoft). In each cell, action potential amplitude was measured as the voltage difference between the resting membrane potential and the peak of the action potential. The current threshold for action potential generation (I thr ) was defined as the minimal current injection, applied (for 5 ms) from the resting membrane potential, required to evoke a single action potential; voltage threshold (V thr ) for action potential generation was determined from the third derivative of the variation in the membrane voltage as a function of time (dV/dt) during the rising phase of the action potential. Differentiated traces were filtered with a digital Gaussian filter and smoothed by 100 points to determine V thr (Synaptosoft, Inc.). Width at half-maximum was determined from measurement of the duration of the action potential when the membrane voltage had returned from the peak halfway back to the resting membrane potential. Rise times were determined as the time required for the membrane voltage to reach peak amplitude from V thr . Decay times were determined as the time required for the membrane voltage to decrease from 90% of the peak amplitude to V thr . Drawings depicting the recording site for each cell were made based on the CeA anatomical limits described in the mouse brain atlas (Paxinos and Franklin, 2001) .
QUANTIFICATION AND STATISTICAL ANALYSIS
Results are expressed as means ± SEM. Statistical analyses were performed using Student's (unpaired) t test, Chi-square (one-sided) or two-way analysis of variance (ANOVA) followed by Sidak's or Dunnett's multiple comparison tests using GraphPad Prism (v. 7.0). Sample sizes are indicated in the figure legends. All experiments were replicated at least once. Figure S1 and Table S1. Repetitive firing in regular-spiking and late-firing neurons was evoked in response to a prolonged (500 ms) 200-pA depolarizing current injection; injected current amplitudes are illustrated under the voltage records. (D) Representative voltage recordings of late-firing CeA-PKCδ neurons in acute slices prepared from sham (left) or cuff (right) mice; repetitive firing was evoked in response to prolonged (500 ms) depolarizing current injections of varying amplitudes; injected current amplitudes are illustrated under the voltage records. Mean ± SEM numbers of action potentials (middle panel) evoked during 500-ms current injections are plotted as a function of the amplitudes of the injected currents (n = 21 neurons for sham and 14 neurons for cuff; effect of current injection, F (19, 608) = 283.9, p < 0.0001; effect of treatment, F (1, 32) = 8.9, p = 0.0054; interaction, F (19, 608) = 7.3, p < 0.0001; **p = 0.0054 for effect of treatment; twoway ANOVA). Rheobase, input resistances (R in ) and resting membrane potentials were analyzed in individual cuff (n = 14) and sham (n = 21) CeA-PKCδ neurons; values are presented as mean ± SEM. **p = 0.0095; *p < 0.05; unpaired t test. (E) Representative traces of single action potentials generated in response to a 5-ms depolarizing current injection in sham (left) and cuff (right) mice; current and voltage threshold for action potential generation as well as rise and decay times of the action potential were analyzed in individual cuff (n = 10) and sham (n = 20) CeA-PKCδ neurons. Values are presented as mean ± SEM; *p < 0.05; unpaired t test. See also Figure S3 and Table S1. with AAV-DIO-hM4Di-mCherry, AAV-DIO-hM3Dq-mCherry, or AAV-DIO-mCherry into the amygdala. Current-clamp recordings were obtained from mCherry-CeA-positive cells in acute amygdala slices 2 weeks after the injection. (B) Representative low-(left) and high-magnification (right) images of a coronal mouse brain slice from a Prkcd-Cre mouse injected with AAV-DIO-hM4Di-mCherry into the CeA.
The green fluorescent channel is overexposed to facilitate visualization of the anatomical landmarks. The white box depicts the area in the magnified image on the right panel. Mean ± SEM number of mCherry-transduced and PKCδ IF-positive cells is shown in the right The CeA functions as a pain rheostat, attenuating or exacerbating pain-related behaviors in mice. The dual and opposing function of the CeA is encoded by opposing injury-induced changes in the excitability CeA-PKCδ (green, left) and CeA-Som (purple, right) cells, with increases in firing in CeA-PKCδ neurons and attenuation of excitability in CeA-Som cells following injury. Activation of these two populations of CeA cells promotes completely opposite behaviors, with activation of CeA-PKCδ cells driving increases in pain (pronociception) and activation of CeA-Som neurons resulting in decreases in pain (antinociception).
